Running title: Efficient EntE-EntB interaction requires 2,3-dihydroxybenzoic acid 2
Introduction
Iron is an essential element for most bacteria since it is used for many cellular processes related to metabolism and signaling. 1 In order to survive in iron-depleted environments, many bacteria synthesize and secrete iron-chelating molecules known as siderophores that have high Fe 3+ -binding affinities. Siderophores, and the proteins involved in their synthesis, secretion, modification, and uptake, are considered virulence factors in a number of bacterial pathogens. by the E. coli outer membrane transporter FepA and imported by a TonB-dependent uptake system. 4 The ferric siderophore is translocated through the cell envelope and subsequently degraded by the Fes esterase in order to liberate the iron for various cellular processes. It has recently been reported that extraintestinal strains of E. coli, including uropathogenic E. coli (UPEC), possess a five-gene cluster known as iroA that is responsible for modifying enterobactin to enhance its virulence. 5, 6 Understanding the molecular mechanisms by which enterobactin is synthesized and secreted by E. coli is thus of high priority since such mechanisms may reveal novel antimicrobial targets.
Enterobactin is synthesized in the E. coli cytoplasm by seven enzymes: EntC, EntB, EntA, EntE, EntF, EntD, and EntH. The five enzymes directly involved in enterobactin biosynthesis can be grouped into two functional modules: the DHB module (EntC, EntB (N-terminal domain), and EntA) and the non-ribosomal peptide synthesis (NRPS) module (EntE, EntB (C-5 terminal domain), and EntF). In the DHB module, chorismate is converted to 2,3-DHB through the sequential activities of EntC, EntB, and EntA. [7] [8] [9] [10] [11] The DHB module functions upstream of the NRPS module, and the two are intrinsically linked through the involvement of the bifunctional EntB protein, in which the N-terminal isochorismate lyase (ICL) domain participates in DHB synthesis while the C-terminal aryl carrier protein (ArCP) domain participates in NRPS. Enterobactin is ultimately produced during NRPS by the condensation of three molecules of 2,3-dihydroxybenzoate (2,3-DHB) and three molecules of L-serine yielding the tricatecholate ester.
The enzyme EntD catalyzes the phosphopantetheinylation of the ArCP domains of EntB and
EntF. 12, 13 EntH is a proofreading activity that corrects NRPS misacylation events. [14] [15] [16] The enzyme EntE catalyzes the adenylation of 2,3-DHB produced by EntA, thus activating it for subsequent steps in the NRPS module ( Fig. 1 ). EntE has a subunit size of 59 kDa and is reported to be monomeric. 17 The EntE product, 2,3-DHB-AMP, is directly transferred to the phosphopantetheine cofactor anchored at the S245 residue in the active site of holo-EntB. 12 Experiments have shown that the turnover number of EntE increases approximately 10-fold in the presence of holo-EntB. 18 In the absence of holo-EntB, release of DHB-AMP from the EntE active site is slow, due to the high affinity of binding of the product to the enzyme. Site-directed mutagenesis of residues hypothesized to be at the interaction interface of the EntE -holo-EntB complex was reported to have an effect on EntE catalytic activity. 19 Although no three-dimensional structure of EntE is currently available, crystal structures of DhbE, a homologous protein involved in the biosynthesis of the B. subtilis catecholate siderophore bacillibactin, provide us with some insights into the EntE active site. DhbE has been crystallized in three forms: (i) the apo form (PDB code: 1mdf), (ii) with 2,3-DHB-adenylate bound (PDB code: 1mdb), and (iii) with 2,3-DHB and AMP bound (PDB code: 1md9). 20 In the sub- 
Results

Homology modeling of E. coli EntE predicts positions of ligand-binding residues and intrinsic fluorophores
In order to gain insights into the nature of substrate binding to E. coli EntE, as well as the spatial distribution of intrinsic fluorophore residues (Tyr, Trp) throughout the protein, we generated a homology-based model using the structure of the B. subtilis bacillibactin biosynthetic enzyme DhbE (PDB code: 1md9) as a template. These enzymes share 46.5% sequence identity (Fig. 2a) .
The structure-based alignment obtained from the FFAS03 server was used as an input for Modeller 9v3, which produced a three-dimensional model of E. coli EntE as output. The EntE model superimposes well with the DhbE structure, with an overall RMSD of 0.271 Å (Fig. 2b) . The stereochemistry of the model was analyzed using the VADAR suite. 21 Ramachandran analysis showed that 90% of the model's residues are in the core region, 47% in the allowed region, 1%
in the generous region, and no residues were found in the disallowed region. The overall general distribution of the intrinsic fluorophores in the model is such that most of the tyrosine residues populate the interior of the protein whereas most tryptophan residues are surface-exposed. This distribution is consistent with the reported DhbE structure. 20 We computationally introduced a 2,3-DHB molecule into the active site of our EntE model by using the 2,3-DHB coordinates 8 found in the DhbE active site (Fig. 2c) . The 2,3-DHB molecule was introduced using the same rotation and translation matrices determined by LSQMAN for optimal EntE-DhbE superposition.
Five tyrosine residues were found to be most proximal (distance < 10 Å) to the DHB substrate:
Y207, Y226, Y236, Y341, and Y389. All five tryptophan residues in the EntE model were found to be distal (> 15 Å) to the active site. Four of the five tryptophans in the model are surfaceexposed. The tryptophan most proximal to the modeled DHB position, W286 (distance =15.6 Å), was the only buried tryptophan found in the model. The model also identified EntE residues that could potentially bind to non-aromatic portions of 2,3-DHB. Residues K519 and H233 are within hydrogen bonding distance of the carboxylate moiety of the substrate and superimpose with DhbE residues previously identified from the crystal structure as stabilizing the carboxylate of bound 2,3-DHB (Fig. 2d) . 20 According to our model, EntE residues N234 and S239 are within hydrogen bonding distance of the 2-hydroxyl and 3-hydroxyl groups of 2,3-DHB, respectively.
These residues superimpose with asparagine and serine residues binding corresponding DHB OH groups in the substrate-bound DhbE crystal structure. We investigated the specificity of binding of DHB isomers to H6-EntE and recombinant hexahistidine-tagged E. coli EntB (H6-EntB). Fluorescence emission spectra were collected for in the presence of H6-EntE upon excitation at 280 nm even though both of these DHB isomers also exhibit fluorescence emission maxima at 440 nm (data not shown).
H6-EntB and H6-EntE
Binding of 2,3-DHB to both EntE and EntB results in conformational changes that promote formation of a transient EntE-EntB complex
We investigated the effect of EntB-EntE interaction on 2,3-DHB binding to H6-EntE using our fluorescence assay. We found that H6-EntB quenched 440 nm fluorescence emission of H6-EntE-bound 2,3-DHB in a concentration-dependent manner ( tions from tyrosine residues. This spectrum did not change when H6-EntE was mixed with 2,3-DHB ( Fig. 7d , blue circles). The H6-EntB near-UV -DHB spectrum (Fig. 7c , red circles) revealed two minor positive peaks at 255 nm and 277 nm, and a major negative peak at 290 nm. In the presence of 2,3-DHB, the H6-EntB near-UV spectrum exhibits a similar overall shape, but with altered peak magnitudes compared to the -DHB spectrum (Fig. 7d, red circles) . As with our far-UV experiments, we collected near-UV spectra of {H6-EntE+H6-EntB} mixtures in the presence and absence of 2,3-DHB. The spectrum of the {H6-EntE+H6-EntB} -DHB mixture in which the H6-EntB signal was subtracted (Fig. 7c , cyan circles) revealed no major change relative to the H6-EntE spectrum (Fig. 7c , blue circles). We observed a small reduction in overall ellipticity of the {H6-EntE+H6-EntB} +DHB spectrum after subtraction of the H6-EntB signal (Fig. 7d , cyan circles) when compared to the H6-EntE spectrum (Fig. 7d , blue circles). In contrast, large changes in the peak amplitudes at 255 nm and 277 nm were observed in a spectrum of the {H6-EntE+H6-EntB} mixture in which the H6-EntE signal was subtracted (Fig. 7d, magenta circles) compared to the H6-EntB +DHB spectrum obtained in the absence of H6-EntE (Fig. 7d , red circles).
H6-EntB bait protein efficiently pulls down chromosomally-expressed E. coli EntE only in the presence of exogenous 2,3-DHB
To investigate the ability of our recombinantly expressed H6-EntB to form complexes with E. Below this band, we also observed a second major band migrating at approximately 25 kDa (Fig.   8 , bands 'c' and 'f').
We were able to perform mass spectrometry analysis on tryptic peptides recovered from the proteins corresponding to bands 'b-'f'; all other bands contained insufficient amounts of protein for this analysis. Table 1 shows the peptides recovered from bands 'd', 'e', and 'f' shown in Figure 8 ; all of these peptides were obtained from lysates spiked with exogenous 2,3-DHB prior to pull-down. Peptides corresponding to EntE in band 'd' ( 
Discussion
The E. coli enzyme EntE is an essential component of the enterobactin biosynthetic pathway.
Recently this protein has been the focus of studies probing ligand binding specificity 15, 16 as well as identifying novel compounds that can act as tight-binding EntE inhibitors. 22, 23 From previously reported kinetic characterizations we know that the release of the product 2,3-DHB-AMP is slow and rate-determining. By isothermal titration calorimetry we determined a direct, unambiguous measurement of the equilibrium binding constant (K D ) of 2,3-DHB binding to EntE (7.3 M).
This value is approximately three-fold higher than the reported 2,3-DHB K m value (2.7 M).
17
Although an equilibrium binding constant has not been reported for DHB-AMP binding to EntE, it has been found to be a competitive inhibitor of the substrate, with a K i value of 85 nM. 22 It is clear from our data, in conjunction with these previous findings, that the binding affinity of EntE for the 2,3-DHB substrate is much lower than that for the 2,3-DHB-AMP product. High-affinity binding of the DHB-AMP product to EntE ensures its efficient channeling to the holo-EntB ArCP domain. That the affinity of binding of the 2,3-DHB substrate is lower than that of the product suggests that considerable dissociation of the substrate to the bulk phase might occur 15 prior to its adenylation. However, subsequent binding of the ATP co-substrate with closure of the P-loop could prevent this dissociation.
Our fluorescence emission spectra of H6-EntE showed that in the absence of 2,3-DHB there is a single emission maximum at 330 nm upon excitation at 280 nm. When we added 2,3-DHB to H6-EntE, we observed a new and large emission peak at 440 nm upon excitation at 280 nm, the wavelength of maximal tyrosine excitation. Based on our experimental observations coupled with insights from our EntE homology model, we conclude that this emission peak is due to fluorescence resonance energy transfer (FRET) between EntE intrinsic fluorophore donors and the bound DHB acceptor. In the absence of H6-EntE, we observe that 2,3-DHB emits maximally at 440 nm with a maximal excitation wavelength of 306 nm. Thus there is a spectral overlap between EntE intrinsic tyrosine fluorescence emission ( em = 305 nm) and our observed DHB excitation maximum. Our fluorescence excitation spectra did not reveal a significant shift in the DHB excitation maxima when the substrate is bound to EntE (there is a slight 3 nm red shift in DHB ex to 309 nm) indicating that observed fluorescence at 440 nm is not due to an alteration in the fluorescence properties of 2,3-DHB itself when bound to the EntE active site.
When we collected spectra at an excitation wavelength of 275 nm instead of 280 nm, we observed an increase in the 440 nm peak, not a decrease. This suggests that the FRET signal we observe is mostly due to excitation by instrinsic tyrosine donors proximal to the EntE active site, although we cannot rule out some contribution to the FRET signal by more distal tryptophan donors. Regardless of the exact nature of the EntE FRET donor residues, it is clear that the increase in observed fluorescence emission at 440 nm is due to 2,3-DHB binding to H6-EntE.
This increase is saturable with increasing DHB concentrations and follows hyperbolic single-site binding behavior that allowed us to obtain an EC 50 value of 2,3-DHB binding to H6-EntE that lowed us to obtain an EC 50 value of 2,3-DHB binding to H6-EntE that agrees with our ITC outcomes.
Until now, our knowledge of the exact residues involved in EntE substrate binding has been limited. According to our EntE homology model, 2,3-DHB binds in an active site cavity proximal to five tyrosine residues. The closest of these residues is EntE Y236, which appears to be able to form a stacking interaction with the aromatic moiety of DHB. In the DhbE structure, Y236 does indeed stack with bound DHB. In our EntE model the Y236 aromatic ring is orthogonal to the DHB aromatic moiety, although the model indicates that the tyrosine side-chain has sufficient rotational degrees of freedom to facilitate stacking. In addition to Y236, our homology model reveals additional EntE residues that we predict to be involved in DHB binding. In the DhbE structure, residues H234 and K517 stabilize the carboxylate moiety of the substrate. 20 In our model, the side chains of EntE residues H233 and K519 superimpose with these DhbE carboxylate-binding residues, predicting their role in substrate binding in the EntE active site. In addition, our model predicts that EntE residues N234 and S239 bind the 2-and 3-hydroxyl groups of 2,3-DHB. Here it is worth noting that our ITC data show that binding of 2,3-DHB to EntE has a negative entropy component. Binding of 2,3-DHB to EntE is therefore enthalpy driven, and not primarily due to hydrophobic stacking interactions with Y236. This is supported by our fluorescence studies that clearly show that EntE specifically binds 2,3-DHB. Neither 2,5-DHB nor 3,5-DHB upon mixture with H6-EntE cause a quenching of intrinsic H6-EntE fluorescence, nor do these isomers generate a FRET signal at 440 nm upon excitation at 280 nm. The selectivity of H6-EntE binding to 2,3-DHB can be explained by the side-chain positions of the hydrogen bond donors N234 and S239 relative to the bound substrate as predicted by our model.
In contrast, C5 of the bound 2,3-DHB is proximal to a loop containing EntE residues V306, G307, G308. None of these residues could stabilize a DHB isomer containing a hydroxyl group at position C5. Based on our model, in conjunction with our experimental data, we propose that EntE residues N234 and S239 are essential for determining EntE substrate-binding specificity.
Two recent studies have suggested that misacylation of EntB may occur due to the ability of EntE to adenylate non-physiological DHB isomers. In the one study, a ~ 30% reduction in in vitro enterobactin biosynthesis was observed when 1,500 M 2,4-DHB and 3,4-DHB were mixed with 2,3-DHB in a cell-free assay, showing that misacylation interfered with downstream NRPS processes. 15 In the other study, it was found that holo-EntB could be acylated with 2,4-DHB and 3,4-DHB when in the presence of EntE and 500 M of either DHB isomer. 16 In these experiments, the concentrations of DHB isomers used was far in excess of the K D of 2,3-DHB binding to EntE as determined by ITC in this study. Our fluorescence experiments do not indicate any binding of 2,5-DHB or 3,5-DHB to EntE at what is likely to be a more physiologically relevant concentration (50 M), although the possibility remains that binding of these isomers may have occurred in a manner such that a FRET signal was not generated. While H6-EntE is selective for 2,3-DHB binding under our experimental conditions, we found that all DHB isomers examined (2,3-DHB, 2,5-DHB, and 3,5-DHB) were able to quench H6-EntB intrinsic fluorescence to some degree. It is significant that 2,3-DHB was found to quench H6-EntB intrinsic fluorescence most efficiently, suggesting a binding preference for this isomer. Our far-UV and near-UV circular dichroism data also established that 2,3-DHB can bind to H6-EntB, resulting in conformational changes to the enzyme. These results were unexpected, since 2,3-DHB is not a substrate for the ICL domain of EntB nor the ArCP domain. Based on our results, we propose that EntB may possess an allosteric site that binds 2,3-DHB to regulate 2,3-DHB synthesis by feedback inhibition. It is reasonable that EntB would be a target for such regulation, since EntC, the first enzyme in the pathway, has been shown to be highly reversible. 24 Given its reversibility, it is unlikely that the conversion of chorismate to isochorismate is the committed step of enterobactin biosynthesis, which would make the EntB-catalyzed conversion of isochorismate to 2,3-dihydro-dihydroxybenzoate the likely first committed step of the pathway.
Our data suggest that not only could the DHB module be feedback-attenuated in the presence of excess intracellular 2,3-DHB binding to EntB, but also that interaction with EntE would be promoted through ligand-induced conformational changes in EntB, thus enhancing NRPS and enterobactin formation further decreasing intracelluar 2,3-DHB levels. We are now further investigating the nature of 2,3-DHB binding to EntB to address this hypothesis.
We used the FRET signal generated by 2,3-DHB binding to the EntE active site as a tool to measure interaction of H6-EntE with H6-EntB. We found that addition of H6-EntB to a solution of H6-EntE saturated with 2,3-DHB resulted in significant quenching of the observed 2,3-DHB-EntE FRET signal. We conclude that this quenching reflects a conformational change in the EntE active site upon interaction with EntB, resulting in alterations to the geometry and distance of the bound 2,3-DHB substrate relative to intrinsic EntE FRET donor residues and a subsequent decrease in the FRET signal. We observed that upon increasing EntB concentration, the 2,3-DHB-EntE FRET signal decreases until apparent saturation is achieved. Saturation of the quenching effect cannot be simply due to sequestration of 2,3-DHB as a result of its binding to That efficient pull-down did not occur in the absence of exogenously added 2,3-DHB strengthens our argument that the pool of free intracellular 2,3-DHB is normally low, presumably due to its direct channeling through the enterobactin biosynthetic machinery. Some further insights into EntB conformational flexibility may be obtained from our pull-down data. On our SDS-polyacrylamide gel of pull-down products, we observed bands at approximately 25 kDa (Fig. 8 , bands 'c' and 'f') containing EntB peptides. We conclude that this is the result of EntB proteolysis. The ArCP domain of EntB resides between residues 214 -285. The most C-terminal
EntB peptide that we observed by mass spectrometry comprises residues 200 -215 (Table 1, that the enterobactin biosynthetic machinery has evolved to minimize free intracellular 2,3-DHB, which may be toxic to the bacterium (e.g., by inhibiting chorismate-dependent cellular processes such as aromatic amino acid biosynthesis), or which may inhibit other aspects of enterobactin biosynthesis and secretion (e.g., competing with enterobactin for binding to recognition sites on the efflux transporter EntS). We are now conducting further studies to expand our understanding of the EntB-EntE interaction in the larger context of molecular mechanisms inherent in the enterobactin biosynthetic assembly line.
Materials and Methods
Reagents. Unless otherwise noted, all reagents were purchased from BioShop Canada, Inc. (Burlington, Ontario). 2,3-DHB, 2,5-DHB and 3,5-DHB were purchased from Sigma-Aldrich.
Homology Modeling of EntE.
A homology-based model of EntE was obtained using the crystal structure of B. subtilis holo-DhbE (with bound 2,3-DHB and AMP) as a template (PDB code: 1md9). 20 A structure-based alignment of the EntE amino acid sequence to that of DhbE was obtained using the FFAS03 server (http://ffas.ljcrf.edu/ffas-cgi/cgi/ffas.pl). 25 This alignment was used as input for the modeling software Modeller 9v3. 26 Structural superposition of the EntE homology model to the DhbE template structure was performed using LSQMAN 27 in order to determine RMSD values. Model quality was assessed using the VADAR suite times with washing solution. Bait-prey protein complexes were eluted by the addition of imidazole to a final concentration of 300 mM. Eluted proteins were separated on 10% SDSpolyacrylamide gels. After electrophoresis, gels were stained using the SilverQuest Silver Staining kit (Invitrogen). Bands of interest were excised from the gels and proteins were subjected to in-gel tryptic digestion. Recovered samples were subjected to LC-MS/MS analysis using Bruker ESI Ion Trap and Agilent LC 1100 mass spectrometers at the McGill Mass Spectrometry Core Facility (McGill University, Montreal). Briefly, samples obtained from gel slices were dried and then resuspended in 97% acetonitrile (ACN)/0.2% formic acid. Resuspended samples were injected in the mass spectrometer, and a gradient of 0-70% (95% water/0.5% ACN to 9.8% water/90%ACN/0.2% formic acid) was used to elute the peptides. The resulting data were searched against the NCBI database using MASCOT (Matrix Science). Figure 8 
